overcoming limitations of traditional bioassay-guided structure elucidation approaches. But the power of metabolomics is not limited to the comparison of metabolic profiles of interacting partners. Especially the link to other -omics techniques helps to unravel not only the compounds in question but the entire biosynthetic and genetic re-wiring, required for an ecological response. This review comprehensively highlights successful applications of metabolomics in chemical ecology and discusses existing limitations of these novel techniques. It focuses on recent developments in comparative metabolomics and discusses the use of metabolomics in the systems biology of organismal interactions. It also lines out the potential of large metabolomics initiatives of model organisms for the field of chemical ecology.
Introduction
The ecological understanding of natural products that mediate interactions within and between organisms can be considered as the core of the discipline chemical ecology. 1 Knowledge of the nature of chemicals that mediate such interactions is central in this research area. The identification of active metabolites opens up possibilities from fundamental work in bioassays over general investigations of the physiology and ecology of an organism to the manipulation of entire ecosystems. Signaling molecules that mediate interactions between organisms have motivated many activities in basic research but also the commercial interest e.g. for pest control is a driving force in the search of such bioactive metabolites. 2 It is thus not surprising that the focus of numerous groups working in chemical ecology is the structure elucidation of these active principles. Since the early days of this discipline the central tool for such endeavors has been bioassay-guided structure elucidation. The work flow has first been successfully established for the identification of the insect pheromone bombykol (1) by Butenandt and colleagues in 1959. 3 It is based on the separation of an active crude extract by e.g. chromatography, selective extraction or crystallization and testing of the resulting fractions in bioassays. Active fractions are further purified and again tests of activity guide the further selection until a pure active compound can be submitted to structure elucidation. 4 This time-consuming and often tedious process can involve multiple rounds of separation and testing until the identification of a signal molecule is achieved. Besides the high workload the approach bears also the risk that activity of labile substances is lost during handling.
Compounds that are only active in more complex formulations or specific mixtures, are also not recognized due to the involved purification steps and require combinatorial tests for activity verification. 5 Despite these drawbacks bioassay-guided structure elucidation was the main available technique for signal identification in chemical ecology over decades. Indeed, besides bombykol most hallmark molecules in chemical ecology have been identified by this approach (Scheme 1). 6, 7 Scheme 1 Hallmark molecules in chemical ecology that were isolated by bioassay-guided structure elucidation. These include the first insect pheromone bombykol 1, the bacterial quorum sensing signals of the acyl homoserine lactone family 2 and volicitin 3, the first insect derived inducer of plant defense.
With the advent of -omics techniques additional tools became available for the search for active principles. These include, among many others, the use of microarray methods, targeted knockout experiments based on the identification of candidate genes, and proteomics. [8] [9] [10] But especially metabolomics techniques provide a novel approach to the identification of molecules of relevance in chemical interactions. In fact, long before the discipline of metabolomics emerged, comparison of metabolic profiles that were created from extracts of organisms in different physiological states or ecological stress situations were used to spot candidate metabolites that are upregulated in an interaction context. This is e.g. demonstrated by the identification of volatiles in response to insect herbivory. 11 In a procedure that would today be categorized as metabolic profiling, volatiles in the headspace of plants were collected in controls and plants suffering herbivory. Comparison of gas chromatography / mass spectrometry (GC-MS) profiles lead to the identification of several herbivory-induced compounds that could later be assigned to ecological functions in an indirect chemical defense. The collection and comprehensive analysis of plant volatiles from control organisms and those under herbivore pressure revealed not only the up regulation of terpenoid biosynthesis but also motivated further bioassays that led to a wide-ranging understanding of induced plant defenses. But also the involvement of the plant hormone jasmonic acid and its amino acid conjugates in the induction of metabolic pathways towards plant defensive metabolites was discovered using such profiling tools. 12 It is striking to see that even in early publications figures are presented that would meet the reporting standards of modern metabolomics. Despite the fact that data mining tools were not as elaborate as today these studies enabled the investigation of regulatory patterns that allowed spotting candidate molecules or pathways relevant in species interactions.
Since these early days of metabolic profiling the discipline of metabolomics has emerged and matured. Even if some approaches are still in their infancy, the multiple facets of metabolomics are now emerging as central tools in chemical ecology for screening the pool of natural products and for the elucidation of regulative principles and pathways. Per definition the metabolome represents all metabolites of a given species, but comprehensive monitoring of such a structurally diverse set of compounds is technically often not feasible. 13 Thus several sub-disciplines have emerged that use the power of modern analytical instrumentation paired with elaborate statistical analysis suited mainly to recognize dynamic metabolic processes. Principal approaches and techniques in metabolomics have been reviewed extensively over the last years and will not be a subject of this contribution. We, however, want to refer to selected reviews for further reading concerning the general concepts in metabolomics, [13] [14] [15] [16] specialized techniques that play an important role in chemical ecology including mass spectrometry 17, 18 as well as nuclear magnetic resonance (NMR). [19] [20] [21] A wide array of statistical methods is applied routinely within metabolomics and already reviewed under different aspects including data pre-processing, uni-and multivariate analyses and visualization aspects. [22] [23] [24] Comparative metabolomics provides the best-suited tools to unravel chemically mediated species interactions. 25 This approach will accordingly be the initial focus of this review. In contrast to previous studies where a targeted analysis of the induction of single compounds or specific groups of compounds was performed, comparative metabolomics allows to monitor global changes and to unravel multiple pathways that are affected by environmental stimuli using elaborate algorithms on complex data sets. Knowledge about the production of specific compounds or classes of metabolites during interaction situations might help to make educated guesses of their function. As a consequence this can motivate following bioassays to verify such hypotheses. 26 In addition, this review will cover concepts where multiple -omics techniques are combined in a systems biology approach to obtain a comprehensive picture of an organisms´ response in interaction situations. We will also introduce aspects how the comprehensive metabolomics initiatives for model species might be fruitfully applied in the chemical ecology. Taken together, we aim to classify and evaluate metabolomics as a potential future driver in the search for the nature, role and regulation of signaling molecules.
The comparative metabolomics approach
This rather descriptive approach is the fundamental metabolomics tool in chemical ecology.
Comparison of metabolomes for the investigation of chemical interactions does not necessarily require a comprehensive monitoring of as many compounds as possible. If the nature of a chemical interaction is known, the work plan can be dramatically simplified by a pre-selection of specific groups of analytes. Thus, for example the metabolomics-enabled search for airborne pheromones of insects would surely not require extraction of the insects themselves for a metabolic profiling but rather be restricted to a comprehensive monitoring of emitted volatiles in the headspace. In contrast, elucidation of plant defense metabolites might exclusively require monitoring metabolites in the plant´s tissue or on its surface. Numerous specialized techniques have been introduced focusing on specific groups of the exometabolome (exuded metabolites) e.g. volatiles, surface associated metabolites or dissolved metabolites from aquatic organisms. But also the endometabolome (internal metabolites) within specific cells, tissue or the whole organism can be addressed selectively. Another way to perform a pre-selection is the inclusion of functional considerations in the initial analytical approach. Thus, it has been successfully demonstrated that the search for compounds acting as metallophores, which mediate metal complexation and uptake in microorganisms and thereby shape organismal interactions, can be pre-selected by biasing analytical techniques. 27, 28 A pre-identification of metallophores in the exo-metabolome can be realized by recording liquid chromatography / mass spectrometry (LC-MS)-runs of the extracts in presence and absence of metals. The shift in masses resulting from the complexation of the metal can be used in a chemometric approach to pre-select only those metabolites relevant for metal interactions. 27, 28 Alternatively, isotope-assisted data mining approaches were recently introduced that spot specific isotopic patterns of metals in complexes. 29 A pre-selection can also be made if specific pathways are suspected to be relevant in organismal interactions. This approach has e.g. been demonstrated for the elucidation of defense metabolites of the moss Dicranum scoparium. Here, initial evidence suggested that lipid-derived oxylipins mediate a wound activated chemical defense against herbivorous slugs. 30 Administration of stable isotope labeled fatty acids allowed to identify upregulated metabolites using automated routines of data mining thereby pointing towards a novel set of previously unrecognized highly reactive metabolites. 31 Genetic tools can make such pathway-associated approaches even more powerful. This was shown in the structure elucidation of myxoprincomide, a natural product from Myxococcus xanthus. The knockout of non-ribosomal peptide synthetase (NRPS) genes and subsequent comparative metabolic profiling led to the identification of this novel metabolite of which the function in the natural environment is, however, still undetermined. 32 The emerging possibilities arising from the systematic pairing of metabolomics and genome mining opens up new avenues for the discovery of natural products. 
Comparative metabolomics in plant sciences
Plant interactions so far often have been studied by targeted analysis of a few model organisms. But especially within plant sciences comparative metabolomics has recently also been applied fruitfully. Metabolomics approaches using several platforms can be used on more diverse sets of plants to elucidate (common) interaction patterns. Plants can respond to a multitude of challenges by adapting their metabolic repertoire. These can include simple environmental stress situations, such as drought or light stress or infestation with pathogens and herbivory. But even herbivore interactions can be complex with different herbivores grazing on the same plant inducing different defense mechanisms at the same time. Thereby they also interact with each other in an indirect way via induced qualitative and quantitative changes of primary and secondary metabolites throughout the plant. All of these types of challenges can be addressed by comparative metabolomics. However the planning of experiments is crucial. For the understanding of simple responses the comparison of plant control and plants with grazer A might be sufficient. If a comprehensive picture of the defense potential of a plant shall be obtained additional investigations of the effects of a second grazer B as well as additional grazer A-grazer B-plant systems are required. On top, additional environmental stress factors can be considered to obtain a comprehensive picture.
A well-studied system is the grazing of aphids and root feeding nematodes on Arabidopsis thaliana. Single effects of each grazer have already been studied. Targeted analysis of glucosinolates in response to feeding bioassays have been introduced thereby paving the way for more complex experimental set-ups. 34 Such targeted profiling focuses on a small set of known candidate metabolites with similar chemical properties whereas untargeted approaches open up future perspectives in plant chemical ecology by uncovering previously unidentified lines of defense. Recently the mutual influence of above-and below ground herbivores that is mediated by plant chemistry was addressed. 34, 35 Comparative metabolic profiling was used to monitor effects of grazing of the aphid Brevicoryne brassicae and the nematode Heterodera schachtii on A. thaliana (Fig. 1) . Metabolic profiling of primary metabolites in the shoots by GC-MS and metabolic fingerprinting of shoot and root tissue by LC-MS were conducted and analyzed via multivariate statistics. Aphid grazing had a significant local effect in the shoot tissue. Only minor systemic effects were observed in the root tissue but changes of glucosinolates indicated an induced defense. As a consequence, aphid grazing led to reduced nematode infestation. In contrast, nematodes did not evoke any significant metabolite alterations locally or systemically thus having no influence on aphid population. 34 The confounding effect of nitrate fertilization in this plant-mediated herbivore interaction was considered in a follow-up study. 36 Again, only aphid grazing influenced nematodes but in a complex pattern. Under lower nitrate conditions aphid grazing increased nematode population whereas under higher nitrate fertilization nematodes were reduced as seen before. Metabolic profiling of root primary metabolites via GC-MS gave 88 compounds of which 54 could be identified. Multivariate statistics revealed that only marginal changes were observed under aphid grazing which might indicate a very sensitive reaction of nematodes. In a study where the specialist B. brassicae was replaced by the generalist Myzus persicae nematodes negatively influenced aphid abundance under lower nitrate availability. 37 Targeted metabolic profiling of amino acids and glucosinolates was conducted via GC-MS followed by principal component analysis (PCA) and multivariate analysis of variance (MANOVA). In response to nematode feeding the amino acid composition in the phloem changed as well as the glucosinolate composition in the leaves. The latter was correlated with aphid abundance.
Insert Figure 1 Figure 1 Herbivore interactions of above ground feeding aphids and below ground feeding nematodes on Arabidopsis thaliana regulate aliphatic glucosinolates (Gls), amino acids and sugars. Selected up-(red) and down regulated (blue) metabolites are depicted for the shoot (8-methylsulfinyloctyl Gls, 4-methoxyindol-3-ylmethyl Gls, indol-3-ylmethyl Gls, 3-methylbutyl Gls, 4-methylthiobutyl Gls), the phloem (aspartic acid, gamma-aminobutyric acid), and for the roots (erythronic acid, trehalose, 3-methylsulfinylpropyl Gls, 6-methoxysulfinylhexenyl Gls).
The aspect of diurnality of changes in above-and below-ground metabolite patterns in response to herbivory was addressed in the wild tobacco plant Nicotiana attenuata. 38 Herbivory was simulated by wounding of the tobacco plants and administration of the oral secretion of the herbivorous caterpillar Manduca sexta. Metabolic fingerprinting showed that different compounds were oscillating in leaves compared to roots. In fact, only ten ions of 182 oscillating in leaves and 179 oscillating in roots (LC-MS) were rhythmic in both tissues. The response to simulated herbivory of seven selected metabolites was investigated in detail (unknown disaccharide, lyciumoside I, phenylalanine, tyrosine, coumaroyl tyramine, feruloyl putrescine, N-feruloyl tyramine, 12-oxo-phytodienoic acid, and jasmonic acid) and compared to transcript analyses, revealing a highly tissue-specific accumulation. It was concluded that the pronounced diurnal rhythm in the generalized and specialized metabolism that mediates the plant´s responses to herbivory might play an important role in orchestrating its response to herbivory.
The role of the plant hormone jasmonic acid (JA) for herbivore defense was addressed in a Nicotiana attenuata mutant. 39 If a jasmonate O-methyltransferase from A. thaliana is expressed in N. attenuata, it methylates JA, thereby acting as a sink for this plant hormone. This mutant was more vulnerable to grazing in the field. Targeted analyses of known defense compounds nicotine, diterpene glycosides and trypsin proteinase inhibitors but also untargeted metabolic profiling of volatile and non-volatile leaf metabolites was conducted. 42 of the most abundant and consistently detected volatile organic carbons (VOCs) in GC×GC/MS were compared between the mutant and the wild type after wounding. Early and late response VOCs could be separated clearly via PCA and partial least squares discriminant analysis (PLS-DA) due to increase of terpenes and hexenylesters and decrease of non-esterified green leaf volatiles during late response. In the late response mutants were separated from wild type due to reduced VOC emission (including cis-3-hexen-1-ol, cis-3-hexenyl-butyrate, -acetate, α-terpineol, trans-α-bergamotene and β-myrcene). Also the metabolic profiles (LC-MS) of secondary metabolites of mutant and wild type leaves were separated (PLS-DA) due to reduction of defense compounds such as nicotine, diterpene glycosides and phenylpropanoidputrescine and -spermidine conjugates as well as some unknown metabolites in the mutant plants. This study convincingly demonstrated the multiple effects of jasmonic acid in a plant´s defense and the power of metabolomics approaches to unravel such complex responses.
Gaquerel et al. 40 followed the effect of silencing of a hydroxycinnamoyl transferase (HCT)-like gene in N. attenuata, which was found to be induced in a previous transcript screening after herbivory. 41 Targeted analysis of well characterized herbivory-responsive caffeoyl-and feruloyl-based putrescine and spermidine phenolamides (PAs) did not show any pronounced silencing effects. However, an unknown PA-type did. This motivated an untargeted metabolomics approach using LC-MS. Up to 12% deregulation in insect-attacked leaves could be assigned to a diversion of coumaric acid units into the production of coumaroylcontaining PAs (Scheme 2). Samples could be separated according to genetic manipulation and herbivory treatment via PCA, and Venn diagrams showed increased metabolite numbers in silenced plants. All metabolites influenced by silencing were clustered hierarchically and annotation of the strongest regulated entries allowed the identification of several novel PA isomers and derivatives. The HTC-like gene thus encodes a coumaroylquinate-forming enzyme and mediates competition between the PA pathway and lignin production. This work is a nice example how metabolomics can be used to uncover a previously undescribed network of metabolites and help to unravel the interplay among herbivory and developmentally-controlled metabolic responses.
Scheme 2 Coumaroyl and caffeoyl spermidines and putrescines from A. thaliana. Specific positions of the residues were not assigned. 40 The herbivory effect of Spodoptera spp. on maize is well-investigated. Two recent studies now applied metabolomics to mine for hitherto poorly characterized responses. 42, 43 In those monocotyledonous plants 1,4-benzoxazin-3-ones (Bxs) are major defense compounds but the inducibility of specific metabolites of this class is rather poorly understood. Therefore Glauser et al. 42 used unbiased LC-MS-profiling to screen plant material before and after herbivory.
PCA clearly separated the treatments and by investigating the loadings 2-β-Dglucopyranosyloxy-4,7-dimethoxy-1,4-benzoxazin-3-one (HDMBOA-Glc 4) and 2-β-Dglucopyranosyloxy-4,7,8-trimethoxy-1,4-benzoxazin-3-one (HDM 2 BOA-Glc 5) appeared as strongest contributors to the separation in induced plants. Catabolism of these metabolites was addressed by monitoring also the digestive products in specialized and non-specialized herbivores. Since plants and herbivores differ in their Bxs-profiles digestive processes could be followed up based on PCA-evaluation of metabolic patterns. Consecutive analyses revealed the role of the highly dynamic activation of maize Bxs in chemical defense. Local and systemic responses to leaf herbivory by S. littoralis were the topic of a recent survey of secondary metabolites from maize leaves, sap, roots and root exudates. 43 A very comprehensive coverage using LC-MS in combination with unsupervised (PCA) and supervised (orthogonal (O) PLS-DA) data mining revealed more than 300 features in leaves and roots, 180 features in sap and 40 features in root exudates. Thirty-two differentially regulated compounds were identified from Spodoptera littoralis-infested maize seedlings and isolated for structure assignment by microflow NMR. Treatment-specific separation was only achieved for leaf samples and root exudates. Local leaf response consisted of an increase of lysophospholipids, azelaic acid, 1,3-benzoxazin-4-one derivatives, tryptophan and Nhydroxycinnamoyltyramines, whereas systemic response could be assigned to 1,3-benzoxazin-4-one derivatives increase in the sap and root exudates. Since Nhydroxycinnamoyltyramines were previously not identified in plant-herbivore interactions the authors tested the effect of the dominating p-coumaroyltyramine 6 on S. littoralis. This plantderived natural product was metabolized by the larvae and increased larval growth, acting presumably as nitrogen source for the insect. The untargeted comparative metabolomics approach can thus lead to discovery of novel dynamically regulated metabolites and help to create novel hypotheses about herbivore-plant-interaction.
The interaction between the fungal endophyte Fusarium verticilloides and the pathogen Ustilago maydis which are both growing on maize has been the subject of several studies. 44, 45 The endophyte thereby decreases the harmful effect of the pathogen. 46 LC-MS metabolic profiling of secondary metabolites isolated and co-cultures of the fungi revealed that most secondary metabolites are constitutively produced by each species. 44, 45 Nevertheless the presence of F. verticillioides leads to reduction in U. maydis biomass. Comparative metabolomics was also employed to investigate leaf herbivory of Manduca sexta and Helicoverpa zea on tomato (Solanum lycopersicum) by GC-MS. 47, 48 Metabolites were identified based on library searches resulting in 56 and 60 identified primary metabolites respectively and further analyzed via PCA and Venn diagrams. Primary metabolites throughout the plant (apex, leaves, stem, and roots) showed a species-and tissue-specific plant response. Induced metabolic changes were strong in the apex and root tissues as well as in damaged leaves confirming a whole-plant response to damage.
The metabolome of the endophytic fungus Paraconiothyrium variabile is of interest if the indirect interaction with its host plant Cephalotaxus harringtonia is concerned. P. variabile inhibits the phytopathogen Fusarium oxysporum thus providing protection for the host. 49 During an in vitro competition situation of both fungi LC-MS profiling and analysis with the powerful software XCMS 50 revealed, besides a comprehensive set of inactive constitutively produced metabolites, a series of induced compounds. These included 13-oxo-9,11-octadecadienoic acid 7, 13-hydroperoxy-9,11-octadecadienoic acid, and several unknowns (Scheme 3). Interestingly, nanogram amounts of 13-oxo-9,11-octadecadienoic acid reduced the production of the mycotoxin beauvericin 8 in the phytopathogen F. oxysporum thereby promoting the idea of an induced interference mechanism.
Scheme 3 13-Oxo-9,11-octadecadienoic acid 7 is upregulated in Paraconiothyrium variabile and suppresses formation of the mycotoxin beauvericin 8 in F. oxysporum
Allelopathic interactions were investigated in a large study that addressed the effects of 16 Mediterranean plants on ovate goatgrass Aegilops geniculata using NMR-based comparative metabolic profiling. 51 Extracts of the 16 donor plants were characterized in terms of chemical composition. The effects of plant extracts on A. geniculata revealed a biological activity for most studied species probably due to phenolic compounds such as flavonoids and hydroxycinnamate derivatives. In accordance to allelopathic activity, PCA analysis of NMR data of A. geniculate extracts clearly separated active treatment samples from controls and inactive treatment samples. This separation could be assigned to an increase in amino acids and organic acids and a decrease in oblongaroside, betaine, and cis-aconitic acid indicative for oxidative stress responses of the receiver plant. In accordance, hierarchical cluster analysis indicated three metabolite response groups: no, slight and strong metabolic changes due to treatment. This study is a nice example how such systemic approaches allow unravelling synergistic effects of allelopathic interactions that would have been difficult to spot in traditional bioassay-guided approaches.
Schweiger et al. analyzed the mutualistic interaction of arbuscular mycorrhiza (AM) with plant roots. 52 This ancient fungi-plant-symbiosis is widespread occurring in >80% of land plants. Common vs. species-specific responses in leaves of five model and non-model plant species (Plantago lanceolata, P. major, Veronica chamaedrys, Medicago trunculatula, Poa annua) to the generalist AM fungi Rhizophagus irregularis were investigated. A comparative metabolomics approach was selected involving the targeted metabolic profiling of carbohydrates, organic acids and sugar alcohols via GC-MS, of amino acids via HPLCfluorescence detection, and the untargeted fingerprinting via LC-MS of methanolic leaf extracts. Between 18% and 45% of the polar metabolome was shared among species and designated as core metabolome with the rest being highly species/taxon-specific metabolites. Those species-specific differences would superimpose treatment effects and therefore these were analyzed separately for each plant. Besides a few common features in the dicotyledonous plants, responses were very species-specific even though the core metabolome would have allowed a common response pattern. The low conservation of responses indicates a long time of specific plant-fungus coevolution that leads to specific manifestations in the expressed metabolic response.
Metabolomics also allows the classification of responses of organisms by collecting "metabolic fingerprints" of a multitude of samples in defined states. Novel samples can then be compared to this data set allowing a categorization without any further ecological or physiological evaluation. This approach is especially used in plant sciences where stress responses are often analyzed by suitable interpretation of such metabolic patterns. Categorization of responses might also allow the identification of metabolites relevant in a specific interaction context thereby making this approach very valuable for the search of active metabolites in chemical ecology.
Comparative metabolomics in marine science
Especially in the chemical ecology of marine algae comparative metabolomics has recently gained importance e.g. to unravel anti-herbivory defense strategies, 53 allelopathic interactions, 54, 55 bacteria-algae-symbioses, 56 or to discover algal pheromones. 57 However, compared to plants, defense strategies against herbivory are only poorly investigated in marine algae. 58, 59 Other disciplines in marine chemical ecology currently start to use this emerging tool box as well. 60 Generally, the rather complex matrix of the seawater that carries signaling molecules represents a certain challenge if waterborne signals are concerned. In fact, there is no logical pre-selection for enrichment and extraction techniques of specific compound classes. It has been shown that the physical nature of metabolites that carry information in the seawater can range from highly polar zwitterionic metabolites 61 to entirely hydrophobic hydrocarbons. 62 The molecular weight is also not limiting the information content, since gases 63 and small molecules 64 as well as high molecular weight lipids 65 and proteins 66 can be active in interaction situations. Extraction techniques thus have to cover a broad spectrum of metabolites if those relevant in interactions shall be universally covered.
Solid phase extraction and LC-MS analysis were suitable tools for the elucidation of the first diatom sex pheromone guided by comparative metabolomics. 67 The pennate diatom Seminavis robusta reproduces mainly asexually by cell division. Due to the rigid biomineralized cell wall of the diatoms this leads to a gradual cell size reduction in the population. If the cell size drops below a specific value, sexual reproduction of the alga is enabled. In this process pheromones are involved that activate the mating behavior and attract the partner cells of opposite mating types. 68 Comparative metabolic profiling of culture medium from cells that are not sexually active and those that call their mating partner revealed several upregulated metabolites as candidates for attraction pheromones. 67 The highest upregulated metabolite (>100 times) was isolated by fractionation and further bioassays confirmed its activity as mate attractant. Structure elucidation via MS(/MS), synthesis and co-injection proved di-L-prolyl diketopiperazine 9 as pheromone that was as active in bioassays as the natural pheromone (Fig. 2 ). The attraction pheromone di-L-prolyl diketopiperazine 9 was identified by comparative metabolomics of the diatom S. robusta (top left shows a mating pair). Cells with induced pheromone production were compared to control cells. LC-MS and statistical analysis pointed towards upregulated signals. The most prominent 9 was selected for purification and structure elucidation and proved to be as active as the natural product in bioassays.
To unravel its chemical defense, the metabolome of the red alga Gracilaria vermiculophylla in response to herbivory by the generalist isopod Idotea baltica was studied using a combination of GC-MS and LC-MS metabolomics and bioassays. 53 Mechanical wounding significantly changed metabolic profiles as revealed by Permanova analysis, with some compounds being increased more than 100-fold. Metabolites that were upregulated in wounded tissue were predominantly eicosanoids (Scheme 4). A detailed investigation of the data set by canonical analysis of principal coordinates (CAP) showed 11 upregulated metabolites in LC-MS and 8 upregulated metabolites in GC-MS data including prostaglandins, hydroxylated fatty acids, and arachidonic acid derived lactones. Isotopic labelling confirmed that most upregulated metabolites were derivatives of arachidonic acid. In subsequent bioassays five of the upregulated eicosanoids were tested for feeding deterrence. Only prostaglandin A2 10 was deterrent while all other tested compounds rather attracted Idotea. This wound-activated defense differed from the induced defense which was systemically manifested in tissue neighboring feeding activity as revealed by CAP analysis in comparison to controls. While the activated response led to a change in eicosanoids, induced response affected mainly primary metabolites indicating a general stress effect, which calls for further investigations.
Allelopathy is an important mediator of competition in plankton 69 and has been investigated focusing on the nature of allelopathic metabolites and the physiological response of the receiver. 54, 55 In a comparative study of the interaction of the diatoms Skeletonema costatum
and Thalassiosira weissflogii in co-culture it was observed that S. costatum promoted the growth of T. weissflogii. Comparative metabolic profiling via LC-MS revealed significant metabolic changes in the intra-and extracellular metabolome of both algae compared to monocultures. In the medium eight S. costatum specific metabolites and one T. weissflogii specific metabolite were found; their identification still remains an open task. Intracellular metabolomics in co-culture showed both up-and downregulated metabolites in S. costatum whereas in T. weissflogii only downregulation was observed compared to the respective controls. This study demonstrates that even without physical contact non-toxic diatom cells can influence interaction partners by modulation of their endo-and exometabolome. In this context a novel approach to characterize exudates from aquatic autotrophs by stable-isotope metabolic footprinting might prove helpful for a thorough characterization of algal exudates from the complex seawater background. 70 Using a similar approach, the positive effect of the bacterium Dinoroseobacter shibae on the alga Thalassiosira pseudonana was investigated.
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D. shibae slightly enhanced the growth of T. pseudonana in co-culture. Metabolic profiling of intracellular metabolites via GC-MS revealed more than 500 algal metabolites which could be separated according to treatment via principal coordinate analysis (PCO) and CAP. In accordance to the observed enhanced growth, algal primary metabolites were upregulated in presence of bacteria, among them amino acids such as serine, proline, phenylalanine and a glutamic acid derivative, as well as picolinic acid, some fatty acids and sugars. This study demonstrates a re-wiring of primary metabolism in the presence of bacteria, thereby underlying the complexity of plankton interactions.
Comparative metabolomics in nematode research
In nematode pheromone research comparative metabolic profiling has been applied mainly via MS/MS and NMR. 71, 72 This field has recently been comprehensively reviewed elsewhere and thus this chapter will focus only on the general principles of metabolomics in the elucidation of signal molecules in this context. 73 The model organism Caenorhabditis elegans produces a class of glycolipids, the ascarosides, regulating diverse functions including development and behaviour. 74, 75 Ascarosides (e.g. 15-20) are built of the dideoxysugar ascarylose and fatty acid-derivedside chains of varying length. Since bioassay-guided fractionation often was unsuccessful due to synergistic functions of the metabolites that are lost during purification, comparative metabolomics proved to be the method of choice. The differential analysis by 2D-NMR spectroscopy (DANS) simplifies detection of ascarosides that are preferentially produced during interaction and regulation events. 76 For this purpose DQF-COSY NMR spectra of the wild type were overlaid with spectra of a signaling-deficient mutant, daf-22. Since the biosynthesis of certain mating and dauer pheromone components is abolished in daf-22 worms a subtraction of the wild type and the mutant metabolome allowed identification of novel potentially active components. Major remaining signals represented mainly short-chained ascaroside structures including the four novel ascarosides ascr#6.1 16, ascr#6.2 17, ascr#7 18, and ascr#8 19.
Additional HSQC-or HMBC-NMR, as well as HPLC-MS investigations and total synthesis confirmed the structures, and their function was verified in bioassays where ascr#8 proved to be a strong male-specific attractant and inducer of larval arrest. 76 Using LC-MS-based targeted metabolomics it could be shown that C. elegans males produce ascaroside signatures that differ from those of hermaphrodites. Even minor structural modifications profoundly affect the ascarosides' signaling properties. 77 These approaches proved to be fruitful in the elucidation of other functions and structures of ascarosides. 72, 78, 79 The sex-specific attraction of the nematode Panagrellus redivivus was initially investigated by bioassay-guided fractionation followed by LC-MS, 1D-and 2D-NMR, and total synthesis. 72 Males are attracted by ascr#1 (only produced by females) and females by dhas#18 (only produced by males). Targeted profiling of the exometabolomes of a mixed culture by LC-MS 2 revealed four more ascarosides (ascr#10, ascr#3, bhas#18, and bhas#10); however, a biological function could not be identified. Further comparative profiling of males, females and mixed cultures revealed highly sex-specific ascaroside production. Males only exhibited bhas#18 and dhas#18 whereas females exhibited at least 6 different ascarosides. The study suggests that ascarosides can have different functions in different nematode species and can even serve as allelochemicals.
The biosynthesis of ascarosides was elucidated by comparative LC-MS 2 profiling of wild type and several peroxisomal beta-oxidation mutants. Based on a series of elaborate experiments a working model of ascaroside biogenesis was proposed that involves an origin from very long side chain precursors that are transformed via peroxisomal beta-oxidation. 71 A picture arises of ascarosides as a modular library derived from carbohydrate metabolism, peroxisomal betaoxidation and amino acid catabolism. Interested readers are referred to the contribution "combinatorial chemistry in nematodes: modular assembly of primary metabolism-derived building blocks" by Stephan H. von Reuss and Frank C. Schroeder within this issue of NPR.
DANS-based comparative metabolomics of daf-12 and daf-9 C. elegans mutants revealed steroids with unexpected structural features that were further characterized after HPLC purification. 80 The compounds that are ligands of nuclear hormone receptors (NHR) of C.
elegans extend our knowledge of transcriptional regulators in metazoans significantly (Fig. 3) 
Comparative metabolomics unravels pheromones in social insects
Social insects like bees, ants, wasps or bumblebees use chemical signals for diverse chemical interactions such as nest-, 82 sex-, 83, 84 or caste-recognition, [85] [86] [87] or as appeasement signal in mutualistic nest sharing. 88 Mainly cuticular hydrocarbons (CHCs) serve for chemical communication within and between species. These rather simple natural products are produced in complex mixtures that can hardly be resolved using traditional bioassay-guided fractionation. However, comparative metabolomics proves to be an ideal tool to spot relevant CHCs that are present in specific species or members of one species or that are regulated in interaction situations.
Reproduction in eusocial insects and thus development of reproductive queens and nonreproductive workers is regulated by pheromones which are primarily non-volatile, saturated hydrocarbons. 85 Comparative profiling of queen and worker cuticular extracts were investigated in the wasp Vespula vulgaris, 89 the bumblebee Bombus terrestris, 90 and the ant Cataglyphis iberica. Candidate pheromones were selected based on the assumption that they are more abundant in queens compared to workers. 85 The identified structures were tested in ovary regression and development bioassays and it was found that active compounds were all long-chain linear and methyl-branched saturated hydrocarbons (n-C27, n-C29, 3-MeC29 in the wasp and ant species, and n-C25 in the bumblebee). 85 Primitively eusocial insects -such as permanently social polygynous epiponin wasps -can show caste flexibility until the adult stage. Queen selection either happens under physical attack 86 or peacefully. 91 Regarding the first case, after queen removal Polybia micans workers show aggression towards young, potential queen candidates. Prospective queens with larger ovaries also have higher amounts of queen caste-specific hydrocarbons thus probably increasing worker aggression. After a few days some are accepted and start as new queens.
Comparative metabolic profiling of CHCs via GC-MS revealed a general dominance of linear alkanes but also showed differences between caste, age and reproductive status. C25 and 3-MeC25 could be identified as queen caste-specific. Further bioassays would be needed to confirm the potential roles. A similar but peaceful social behavior was found within the closely related Synoeca surinama, however dominant CHCs differ considerably. 91 Altogether 22 CHCs (alkenes or linear alkanes) were identified. Stepwise discriminate function analysis separated queens from >4 days old workers. C25:1 was increased in all queens in all colonies, whereas workers had longer hydrocarbons. Thus it seems that after queen removal, juvenile hormone modifies the CHC blend of young workers with an increase in C25:1 matching that of reproductive queens.
Worker reproduction in ants is reduced through policing behavior, such as physical aggression or egg eating. Based on the observation that CHCs regulate such aggression Smith et al. investigated the ant Aphaenogaster cockerelli where worker-produced eggs are not policed.
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A. cockerelli has large colonies with only one queen and workers with active ovaries producing trophic eggs. CHCs were collected via solid phase microextraction from ants and via hexane extraction from eggs, measured by GC-MS and analyzed via nonmetric multidimensional scaling (nMDS). Interestingly, this species was found to have no distinct signaling pattern for worker-produced eggs which was confirmed by policing assays. In contrast, cuticular profiles of queens, workers and reproductive workers showed quantitative and qualitative differences which allow a separation via nMDS. These patterns were further investigated and confirmed via bioassays: Reproductive cheaters could be mimicked by applying synthetic pentacosane, a compound typical of fertile individuals on nonreproductive workers. Pentacosane treatment induced nestmate aggression in colonies where queens were present. 93 Within the trap-jaw ant Odontomachus brunneus large population differences within CHC profiles were observed that are potentially responsible for nest mate discrimination. 94 However, Z9:C29 was found via nMDS as conserved fertility signal in queens across populations, a compound that was already recognized earlier. Social parasites such as the bumblebees Bombus bohemicus and B. rupestris use similar nest-specific signals (worker trail pheromones) to find their hosts. 95 Inter-and intraspecific odor variation of 45 hydrocarbons of nests of potential hosts were examined via GC-MS. PCA and discriminant function analysis (DFA) revealed interspecific and intracolonial differences in the odor bouquets of the host that were predominantly due to different patterns of alkenes. In Y-olfactometer choice tests B. rupestris showed a clear preference for the scent of its host proving that volatile signals enable parasite females to discriminate between potential host species.
In all these examples the power of statistical analysis of complex metabolic signatures could be demonstrated. While separation of the hydrocarbons and testing is tedious and would risk overlooking effects of specific mixtures, the recognition and evaluation of metabolic patterns helps to unravel the complex language of CHCs.
MS/MS networking in comparative metabolomics
The capacity to generate vast data sets also challenges the ability for downstream processing. 96 In the above mentioned examples the major goal was to eliminate signals of potentially irrelevant metabolites, but approaches to use MS-based molecular networking or other elaborate algorithms also allow to sketch more complex interaction networks by comprehensively evaluating metabolic patterns. 97 An emerging tool is MS/MS networking, a visualization method for MS/MS data sets where molecules are clustered with regard to similarities in their molecular ion mass and fragmentation pattern. 98 MS/MS spectra of complex mixtures of molecules are compared pair wise and their similarity is expressed as cosine of the normalized ratio of relative ion intensities (cosine similarity score). As a result structurally similar compounds with similar fragmentation patterns are located close to each other thus forming sub clusters of "molecular families" that share certain chemical properties. For identification of single nodes or whole sub clusters the network can be supplemented with standards and database entries. 98 This identification differs from traditional approaches as MS/MS spectra are matched against other MS/MS spectra instead of matching them against protein sequences or molecular structures. Related or identical compounds are therefore detected before considering their possible identification. Instead of the traditional peak-by-peak identification consensus identifications from sets of spectra of related compounds are determined allowing a novel approach for classification. 96, 97, 99 Common metabolites in data sets of interaction studies as well as the global molecular diversity of single species or certain taxa can be easily visualized. Also biosynthetic considerations can be taken into account during data evaluation. [100] [101] [102] [103] [104] The software to generate MS/MS networks is freely available 105, 106 and even quantitative data sets can be considered. 107 To demonstrate the applicability of the MS/MS networking approach, several bacterial colonies were analyzed in situ on agar plates using nano desorption electrospray MS (DESI-MS). 98 Networks of metabolites from Bacillus subtilis, Streptomyces coelicolor, S.
marcescens, Mycobacterium smegmatis and Pseudomonas aeruginosa demonstrated the ability to visualize species-dependent molecular diversity. But also time-dependent networks of B. subtilis colonies could be generated to gain insights into bacterial developmental processes. Most important in the context of this review is the fact that also microbial interactions could be visualized as shown for S. coelicolor and B. subtilis (Fig. 4) . Molecular networking was able to confirm earlier reports that B. subtilis PY79 elicits pigment production in S. coelicolor, whereas S. coelicolor increases production of the cannibalistic factors SKF and SDP in PY79 in the region of interaction. The antifungal activity of Pseudomonas sp. SH-C52 -a strain that protects sugar beet plants from soil born fungi 108 -could be tentatively assigned to thanamycin 21 by generating a comparative MS/MS network of the wild type strain and two mutants. A partial structure of thanamycin 21 could be generated based on MS/MS data and analysis of the gene cluster. Since this initial report, MS/MS network-guided genome mining has been applied several times to facilitate the identification of non-ribosomal peptides (NRPs) and their associated gene clusters. 99, 104 The antifungal activity of the octocoral symbiont Bacillus amyloliquefaciens against 13 different marine and terrestrial fungi was investigated using matrix-assisted laser desorption/ionization-imaging mass spectrometry (MALDI-IMS).
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In side-by-side interactions of B. amyloliquefaciens with Aspergillus fumigatus and A. niger potential antifungal metabolites were measured and visualized using seeded MS/MS networking. Within the network members of the iturin-family were spotted that proved to be active in antifungal bioassays. The excreted metabolites of Streptomyces coelicolor during interaction with five other actinomycetes showed a high specificity with regard to the interacting partner. 110 By combining nano DESI-MS and MALDI-IMS one of the most comprehensive sets of molecules involved in microbial interactions to date was collected. Among the metabolites specific for the interaction a family of desferrioxamines 22-25 with acyl side chains of various lengths was triggered by siderophores from the neighboring actinomycetes.
Altogether about 40% of all nodes within the spectral network were associated with the acyldesferrioxamines 22-25 clearly characterizing the response of S. coelicolor. Besides the implications for the understanding of the chemical ecology of these strains, the study also outlines the importance of surveyed co-culturing in the search for new metabolites with potential pharmacological activity.
The systems biology approach
In contrast to the above mentioned reduction of complexity by pre-selecting specific groups of metabolites and by identifying single metabolites of relevance, systems biology approaches aim for a most comprehensive data collection and interpretation involving multiple -omics techniques. 111, 112 Within this section the combination of metabolomics with transcriptomics or genomics to gather a more complex picture of the chemical ecology of organismal interactions will be presented. Such approaches can aim towards a full understanding of the biological processes connected to the production or perception of compounds involved in chemical ecology. This is a complex task, which not only depends on the identification of the compound itself but also on the investigation of the involved biochemical pathways and physiological responses on a gene, transcript, protein, and metabolite level using the entire omics-toolbox. Additionally, a link to ecology that can be provided in lab or field experiments is required to determine the role of the identified principles. Combining all these techniques is challenging but enables the unbiased generation of novel hypotheses and opens up new research avenues. 113 Due to the advent of next generation sequencing technologies, genomic resources with a high degree of standardization can easily be obtained. However, the functional gene annotation that is relevant for the interconnection with metabolomics is lagging behind. In chemical ecology the understanding of dynamic metabolic networks is essential and it is therefore important to gather quantitative information using downstream -omics tools on the transcript, the protein or the metabolite level. A first challenging aspect for such an endeavor is the experimental design. Especially when taking the ecological situation of an organism into account elaborate incubation and sampling protocols are of key importance. Ideally, sampling should be performed in one step for all subsequent omics-technologies. In cases where time series are important this sampling should be minimal invasive to avoid disturbing the system. Substantial progress has been made and a recent protocol describes how one single sample can be used for analysis of metabolites, DNA, long and small RNA, and proteins via sequential isolation of those biomolecules. 114 Since the available biomass for sampling might be limiting, such a protocol ideally needs only minute amounts of biomass. The introduced protocol requires only 50 mg fresh weight for a full sample set and has been tested using the plant species Populus trichocarpa, Pinus radiata and Arabidopsis thaliana as well as the microalga Chlamydomonas reinhardtii. Successful implementation in four different laboratories with different background in handling of such protocols showed the robustness of the method. Data integration and analysis of the different -omics data sets are still a major challenge. Several approaches have been introduced to correlate the different data sets, but are highly challenging to apply. 115, 116 Thus often separate analysis of the respective data-sets and integration of the results is a more feasible approach as it is illustrated in the following examples.
The mode of infection and resistance of microalgae against a marine virus was addressed by Rosenwasser and collegues. 116 Those viruses can control some of the largest oceanic algal blooms of the coccolithophore Emiliania huxleyi and thereby deeply influence organismal interactions in the plankton. The interaction of the algal host and its specific double stranded DNA virus was observed in a set of infection experiments involving both, lytic and non-lytic virus strains. Global host and virus transcriptome profiling was conducted simultaneously with metabolome analyses to unravel cellular pathways affected by the viral infections. The transcript analysis proposed the regulation of several biochemical pathways of both the host and the virus. Also distinct shifts in metabolite composition during lytic and non-lytic infection were observed by comparative metabolic profiling. 116, 117 In a combined weighted correlation network analysis that had to take into account a delay in metabolic compared to transcriptomic response, clusters from transcriptomics were correlated to metabolite levels. As many metabolites were correlated to one specific transcript expression pattern, integrated metabolic maps could be constructed. Especially during the early stages of viral infection a dynamic modulation of the host metabolism was observed. Based on the metabolic maps, a viral up regulation of algal fatty acid biosynthesis to help viral assembly, and a down regulation of host sphingolipid biosynthesis was observed. Viral influence on sphingolipids was already earlier identified in this system, thereby confirming the validity of the approach. 118 But in addition, several terpenes including a group of sterols were substantially down regulated in agreement with a reduction of all host genes related to the production of isopentenyl-pyrophosphate in the mevalonate pathway. This down regulation could be assigned to an antiviral response mechanism that was further confirmed by inhibition experiments. Subsequent targeted metabolic analyses revealed that the suppression of steroid formation interferes with viral replication that requires these metabolites. Viral replication in E. huxleyi thus depends on the host metabolic machinery to provide sterols, fatty acids and sphingolipids as building blocks for viral progeny formation.
Plankton interactions were also the subject of another recent study that combined metabolome and proteome analyses during a competition situation. 113 The sublethal allelopathic effects of the red-tide dinoflagellate Karenia brevis on two diatom competitors were addressed. 119 Therefore Asterionellopsis glacialis, a diatom species that co-occurs with the red tide dinoflagellate and Thalassiosira pseudonana which may not have evolved resistance were challenged with K. brevis in co-cultivation experiments. In both diatoms the presence of the dinoflagellate caused changes in the metabolic and proteomic profiles. Up-and down regulated proteins and metabolites were identified tentatively and related to putative cell functions. Combining the proteomics and metabolomics results a molecular network was derived from which it was concluded that the naturally co-occurring species A. glacialis shows a more robust metabolism with only slight changes in co-cultivation (Fig. 5) . In contrast, allelopathy disrupted energy metabolism (glycolysis, photosynthesis) and impaired cellular protection mechanisms including cell membrane maintenance, osmoregulation and oxidative stress response in T. pseudonana. 113 This study provided several novel hypotheses for the underlying mechanisms in sub lethal allelopathy that will surely be the subject of testing in the near future.
Insert Figure 5 Successful combination of -omics approaches are also reported from the chemical ecology of higher plants. 120, 121 The majority of trees form beneficial relationships with ectomycorrhizal (ECM) fungi. 122 After invasion an ECM-root tip is formed that can be considered as a type of symbiotic organ. The processes during invasive colonization of Populus root tips by the fungus Laccaria bicolor was the subject of a metabolomics / transcriptomics study by Tschaplinski et al. 120 This study could benefit from the availability of a genomic and transcriptomic data repository of the fungus. In addition, both, a compatible host Populus trichocarpa and a recalcitrant host P. deltoides were accessible. The metabolic reprogramming that favors the formation of the ECM-root tip hybrid tissue in compatible interactions or that prevents the formation of such tissue in the recalcitrant host could be addressed by a combination of metabolomics and transcriptomics. In this case GC-MS proved to be the method of choice since data base supported evaluation of spectra allowed the tentative identification of regulated metabolites that could be brought into accordance with regulated pathways from transcriptomics. 120 The symbiotic metabolome is altered throughout the colonization process with shifts in aromatic acids and fatty acid metabolism. The mutualistic ECM relationship might require such suppression or moderation of host defenses, allowing for the fungus to integrate into the root tissues. Explorative mapping of the observed metabolic changes in the benzoate degradation pathway using the KEGG database 123, 124 lead to a targeted transcriptome analysis. The results are in accordance with the fungus being the driver of metabolic reprogramming in the early stages of colonization. The challenge of ECM root tips of the recalcitrant P. deltoides with the fungus led to less pronounced metabolic shifts but plant defense related compounds such as tryptophan or salicin were elevated in the incompatible interaction. Targeted degradation assays further showed the capacity of the fungus to metabolize secreted defensive compounds. Thus diversity and half-life of plant defense compounds seem to be driving forces of the interaction.
An important tool for the deciphering of herbivory-induced gene-to-metabolite dynamics was introduced by Gulati et al. 125 The novel transcript and metabolite data classification tool for experiments with multiple factors such as treatment, tissue, genetic context, or time-series was tested on Nicotiana attenuata using 3 tissues, 2 stressors and a 6-point-time-series for transcriptome and metabolome data. The value of the approach was demonstrated by revisiting well-characterized changes of regulatory genes and the oxylipin pathway. But the dimensionality reduction approach is also applicable to unravel rewiring of gene and metabolite networks in an explorative manner. Dynamic metabolite-metabolite correlation networks were created to cluster biochemically connected metabolites (e.g. shikimate pathway derived amino acids correlated with phenylpropanoid pathway metabolites). This study underlines the high plasticity of herbivore responses and provides a nice functional genomics tool to find novel genes and metabolites involved in herbivore response as shown for oxylipin signaling and 17-hydroxygeranyllinalool diterpene glycosides (17-HGL-DTG) pathway. The root metabolome of N. attenuata under the influence of leaf herbivory was addressed using this approach. 126 A multivariate time-series data analysis was used to evaluate leaf herbivory-elicited transcriptional and metabolic dynamics in the roots. Transient systemic responses in roots were detected. The semi-diurnal transcript oscillation was inverted and its major amplitude effects translated into root-specific secondary metabolite shifts. 126 Using the multifactorial approach described in Gulati et al. 125 tissue and treatment effects in a timecourse data set could be analyzed that form the basis for further functional studies on the role of above ground herbivory on root metabolism.
The above examples might be considered as starting points of combined -omics studies in chemical ecology. These few publications that combined metabolomics with other -omics data sets to reveal basic principles of chemically mediated species interactions were all published within the last two years, thereby representing the start of a novel era in chemical ecology research. In other research areas relevant for the field, such as plant physiology, combined -omics approaches are also increasingly applied and several reviews already discussed the use of metabolomics, proteomics, transcriptomics and metabolic flux analyses as functional genomics tools.
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The comprehensive metabolome approach
This chapter will focus on the use of comprehensive metabolomics data of model species in chemical ecology and present an outline about the potential power of comprehensive data repositories. In the studies discussed so far the metabolome -the collection of all metabolites of an organism -has been covered only to some extent. Based on the hypothesis to be answered the focus of the study was on a certain subset of the metabolome. In such cases the exclusion of all other metabolites is crucial to increase the detection limit of the metabolites in focus. However, if the global metabolome response to species interactions is in focus of the study a comprehensive approach covering all present metabolites is needed. 116 Such comprehensive metabolomes are challenging since no protocol exists so far that enables the extraction and analysis of the chemical diverse array of metabolites at once. However, for certain model organisms, comprehensive collections of metabolites with the aim to obtain complete metabolomes are currently assembled. The field of chemical ecology could benefit from such collections since they would define the metabolic potential and answer the question of what is possible in chemical signaling. Another issue, not only in metabolomics but also all other -omics fields, 121 is the identification and functional characterization of detected features, such as metabolites. 120, 132 Here chemical ecology can provide novel structures and hints towards their function off the beaten track of primary metabolism. There is clearly a need for public large spectral data bases that not only cover metabolites of key species to support such initiatives. This also calls for the deposition of own compounds with the according metadata to allow for knowledge-sharing between laboratories.
It is estimated that about 5 million putative metabolites exist in the plant kingdom. 133 Besides the structural diversity, also spatial and temporal variability as well as broad concentration ranges limit a comprehensive coverage of the metabolome. Therefore it has been recommended repeatedly to combine knowledge obtained with different extraction protocols and analytical tools such as GC(×GC)-MS, LC-MS, NMR or FT-IR. 127, 130 Standardized protocols addressing such combined approaches are however still under development. [134] [135] [136] For certain model organisms quite comprehensive annotated data repositories exist as it is the case for Arabidopsis thaliana, 137 Escherichia coli, 138 and Saccharomyces cerevisiae. 139 Those repositories can serve as reference database not only for these species itself but also for related organisms that might be of more interest in chemical ecology. PlantMetabolomics.org (PM) has been the first available online data repository covering over 3.100 compounds from A. thaliana wild type and 50 mutant lines that have been solely analyzed to accomplish this database. 137 The aim is to annotate each metabolite with its experimental metadata and abundance following standardizing procedures (MSI, 131 Intra-and extracellular concentrations are given for 627 metabolites. This data has been collected from books, articles, other databases and own measurements, and is linked to metadata, images, references and other databases. The E. coli Metabolome Database (ECMDB) is the most recent annotated data repository for E. coli (primarily strain K-12). 138 It provides over 2,600 metabolite entries with links to 1,500 genes or proteins, 125 biochemical pathways and 2,800 chemical reactions. It is also supplemented with 775 NMR spectra and 4,035 MS spectra as well as intracellular concentration data for 800 compounds. But since S. cervesiae and E. coli serve mainly as model organisms in molecular biology and are rarely considered in chemical ecology these powerful data repositories address rather molecular biologists and system biologists.
Those data repositories are all species-specific, which is considered to be essential for the field of metabolomics as each organism has its own unique set of metabolites. 138 Facing this dilemma it remains to be answered how to integrate the diverse variety of species that are interesting for chemical ecologists. The closest related model organism with its associated database could be used but much of the power of the repositories would be lost. A remarkable concept for a general purpose, cross-species, cross-platform data repository for metabolomics data that can overcome these limitations is realized in the MetaboLights platform. 142 135 or at least standardized metabolomics methods for e.g. 134 or Staphylococcus aureus 145 are suggested and it can be observed that even organisms that generated interest in the field of (chemical) ecology were promoted as models as it is the case with the tobacco plant Nicotiana attenuata or the unicellular diatom Skeletonema costatum. To assist metabolomics in chemical ecology standard operation procedures for such species with clear definition of specific protocols are needed as organism-specific characteristics can influence the extraction efficiency. 146 For example for C. elegans tissue disruption is a crucial step. 135 Tissue selection has also to be considered for more complex organisms since whole organism homogenates can be insufficient as was shown for D. melanogaster. 144 Sample collection, preparation, storage, analysis and data handling can thus introduce a variability that interferes with comparative efforts between laboratories. At the time being it is an unrealistic goal to reach a comprehensive coverage of the 'metabolome' for every organism interesting in chemical ecology. But intelligent use of existing repositories 147 normalized procedures and ethics of reporting and contributing to data bases 148 will help to make metabolomics an even more powerful tool. Of particular importance is the metabolomics standards initiative (MSI) that was conceived in 2005 with the goal to develop universal minimum standard requirements for metabolomics analyses. Primary minimal standards were published 2007 encompassing five different areas of metabolomics analyses. 131 Recommendations addressing the reporting of biological samples such as mammals, 149 plants, 150 microbes, 151 and environmental samples 152 were given, as well as for chemical analyses, 153 data processing, 154 data exchange structures, 155 and ontology. 156 To benefit from such initiatives, metabolomics researchers, also in chemical ecology, should stick wherever possible to these recommendations to make their work comparable. 131 Due to lacking open source file formats the COordination of Standards in MetabOlomicS (COSMOS) was initiated subsequently and might prove as a powerful tool to handle and compare data also in the field of chemical ecology.
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Conclusions
From the above discussed examples it can be concluded that metabolomics represents an emerging technique in chemical ecology that has the power to shape the discipline in several ways. For one, the identification of signaling molecules will be greatly facilitated by at least partially eliminating the need of bioassay-guided fractionation for the identification of active metabolites. In a systems biology context, metabolomics enables connecting chemically mediated interactions to regulative events on a protein or transcriptome level. With the emerging possibilities of data repositories and the categorization of metabolites from ever more model species, the discipline of metabolomics will become more mature and tasks such as de-replication, metabolite assignment and even structure elucidation that are tedious today will become routine. There is still a long way to go to establish metabolomics as standard technique in labs of biologists, but interdisciplinary approaches involving analytical chemists are already well established. In addition to the above outlined avenues, metabolomics also opens up new fields of research in chemical ecology. Thus, e.g. imaging techniques will allow to spot the point of interaction in microbial communitites, 98, 109 on surfaces and in the immediate surroundings of plants and algae, [158] [159] [160] as well as in insects. 161 But also the metabolome of single cells might become of interest, especially when aspects of cooperative interactions or cheaters in microbial communities are concerned. [162] [163] [164] However the still limited capabilities of the available imaging techniques lead to smaller data-sets compared to other metabolomics techniques and quantification is still problematic. Novel concepts in metabolomics have the potential to allow the design of fundamentally new experiments in chemical ecology that will allow monitoring the ecological interactions of organisms in
